The purpose of this study is to determine the phase composition of iron oxide compounds formed during precipitation by ammonium carbonate hydrolysis products, to establish the magnetite formation regions and the kinetic characteristics of the reaction formation Fe 3 O 4 . Characterization by X-ray diffraction (XRD) indicated that magnetite is formed in a solution of ferrous sulphate during the hydrolysis of ammonium carbonate. It has a homogeneous phase composition and a cubic crystal structure. Phase diagrams of the formation of the crystalline phase of magnetite, goethite and ferric hydroxide have been determined. It has been established that magnetite with a spinel structure is formed under controlled slow precipitation from ferrous sulphate with an ammonium carbonate solution. The calculation of the kinetic characteristics of the reactions of solid phase precipitation (a rate constant at different initial concentrations of ferrous sulphate, the order of the reaction) has shown that the process proceeds in two stages with the formation of an intermediate compound and its further oxidation. Moreover, the rate constant of oxidation is 0.654 L/min mol, and the rate constant of the first reaction is much higher -1.645 L/min mol.
Introduction
Currently, the field of iron oxide pigments use is expanding. This is due primarily to the huge range of technological applications, which is determined both by the reducing and by oxidizing properties of iron oxygen compounds, by the variety of phase modifications (gamma, alpha, beta and sigma). Iron oxide pigments are available, versatile, resistant to external conditions, corrosion-resistant, have a wide range of colors from yellow, orange, red to violet, brown and black [1, 2] . In addition, a special group consists of iron oxide pigments that have magnetic properties (maghemite γ-Fe 2 O 3 , magnetite Fe 3 O 4 ) [3] [4] [5] [6] . Special properties are determined primarily by the dispersed and phase composition. The optimal conditions for obtaining the most demanded magnetite iron oxide pigments on the market are the subject of many studies [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
The author's analysis of the results, studying the influence of various factors on the magnetite quality, suggests that the nature of the precipitator is very important in the technology of obtaining magnetite [19] [20] [21] [22] [23] . The choice of an appropriate reagent is influenced by the following factors: a reaction rate, an ability to the buffer effect an ability to the buffer effect when maintaining a constant pH, the solubility, the price and availability of a reagent, easy and inexpensive transportation of a reagent. In practice, the production of iron oxide pigments use quicklime CaO, lime Ca(OH) 2 , soda ash Na 2 CО 3 , caustic soda NaOH, ammonia NH 4 OH, and calcined magnesite MgO.
All of the above reagents have both advantages and disadvantages. When using inexpensive precipitants, such as calcium hydroxide, calcium oxide, quenched dolomitic lime, or dolomitic lime, a poor quality pigment is formed contaminated with poorly soluble calcium and magnesium sulphates. The use of ammonia complicates the technological scheme and requires complex and expensive transportation of reagent. Homogeneous methods of precipitation of iron oxides and hydroxides are promising, for example, those using products of high-temperature hydrolysis of ammonium carbonate and urea. This allows us to regulate the process of seed formation and their further growth.
Experimental Methods
In the experimental studies, the following reagents were used: FeSO 4 · 7Н 2 О (reagent grade); Trilon B (analytical grade); ammonium carbonate (reagent grade), KMnO 4 (analytical grade), H 2 SO 4 (analytical grade).
The following conditions were used in the studies: the concentration of FeSO 4 -0.5 mol/L, the concentration of (NH 4 ) 2 CO 3 -4.0 mol/L, temperature -15-100 °С. The molar ratio n was determined by the Eq. 1:
Air was used as the oxidizing agent, its effective feed rate in all the experiments was 10 L/min -1 . The mixture obtained was heated to a predetermined temperature which was maintained throughout the entire process. The compressor was then connected to oxidize the mixture with air. The oxidation time was 30-40 min. Reactions of precipitation were performed at different temperatures, time in a thermostatic cell equipped with temperature-compensated electrode systems to measure and record the pH and the redox potential of the system and with stirrer having rotation speed of 300 rev/min. The cell was provided with an input device and that of recording the amount of bubbling air [24] . After that, the mixture was filtered, the resulting paste was dried at 150 °C and then ground.
Kinetic studies were carried out by sampling at regular intervals. The determination of the ferrous sulphate concentration was carried out by the permanganatometric method [25] . The X-ray diffraction analysis was carried out using a DRON-2 diffractometer.
Results and discussion
The kinetic dependences of the total process, as well as the modeling of the experimental data obtained, make it possible to study the mechanism of the flow of homogeneous precipitation with ammonium carbonate, as well as the influence of various factors, determine the order and the constant of the process rate, the number and the nature of the intermediate products, the activation energy, determine the influence of the precipitant nature, as well as the nature and number of ongoing reactions.
In many cases, the process of precipitation from solutions of ferrous salts with ammonium carbonate is simplified, suggesting that the reaction produces ferrous carbonate. However, due to the ability of both the carbonate ion and ammonium to hydrolyze, there are not only carbonate ions, but also bicarbonate ions and hydroxyl ions present in the solution. This can lead to the formation of both ferrous carbonate and ferrous hydroxide, as well as basic iron carbonate. However, this is only true in the complete absence of oxygen in solution and at low temperatures. In the presence of oxygen, Fe 2+ ions are oxidized in solution and suspension, which greatly complicates the whole system. Often, the resulting layered double hydroxides are the pre-structure of the resulting spinel structure.
The general scheme for the precipitate formation from the solutions of ferrous salts with ammonium carbonate can be presented as follows. The reaction of hydrolysis of ammonium carbonate:
The second step is the formation of ferrous hydroxide or the basic ferrous salt, depending on the precipitant/ferrous sulfate mole ratio:
The third stage is the oxidation of the ferrous compounds to trivalent iron by one of several possible schemes:
The 
Due to the possibility of formation, as a result of synthesis, of iron oxyhydroxides, ferrous hydroxides, ferric hydroxides, magnetite, and basic salts (II), it was necessary to establish the conditions for the formation of magnetite at the first stage of the studies (Fig. 1) .
The conducted studies show that the phase composition of the product obtained depends to a large extent on the temperature of the solution, the molar ratio of the reacting components and the duration of the air supply. In the range of t = 15-25 °C and at n = 2-5.5 -a heterogeneous precipitate of Fe(OH) 2 and Fe(CO 3 )x(OH) 2-2x is formed (bubble aeration time -10-15 min); at t = 60-90 °C and at n = 2-3.75 -goethite (α-FeOOH) is the product (20-30 min of bubble aeration); at a higher temperature and a greater molar ratio -magnetite Fe 3 O 4 is formed. For n < 2, Fe 2 (SO 4 ) 3 is formed.
In this way, the formation of magnetite passes through the whole range of the n values above stoichiometric (n = 2-8), the temperature values -60-100 °С, the processing time -30 min. These conditions are adopted to simulate the kinetics of the process. The adopted technique is used to study homogeneous processes; therefore, this technique is used for homogeneous reactions, but it can also be used for heterogeneous processes if the limiting reaction is known. The ratio of the reacting components chosen under the conditions of the experiments equals 8.
The XRD analysis of the product showed the presence of magnetite phase. The slight broadening of the XRD lines (Fig. 2) can be interpreted in terms of poor crystallinity of the precipitated magnetite and small size of crystallites. The weak diffuse scattering at small angles indicates the presence of a small amount of matter in the X-ray amorphous state in the obtaining sample studied along with the crystalline phases. To determine the kinetic characteristics of the chemical reaction, dependence of the residual iron concentration on the duration of the process for different initial concentrations of ferrous sulfate at 100 °C was obtained (Fig. 3) .
Kinetic dependence of the residual concentration of ferrous cations characterizes the total process of converting the reacting substances to the final product of their interaction -black iron oxide pigment; irrespective of the initial concentrations, the kinetic curves have a similar character. However, the initial concentrations of ferrous sulphate significantly influence the yield of the desired product. It can be concluded that the greater the initial concentration of the reagent, the fuller the process of converting the reacting substances into the desired product, magnetite, proceeds. This conclusion is also confirmed by the fact that the yield of the product increases with increasing concentration of the starting substance and reaches 95% with the initial concentration of ferrous sulfate 0.45 mol/L (Fig. 3) . To understand the mechanism of the reactions taking place, it is necessary to determine the order of the limiting reaction and its rate constant. For this, was used the integration method. To determine the apparent order of the reaction and the reaction rate constant, the data were processed in the coordinates of lnC-τ, 1/C-τ, and 1/C 2 -τ. However, in this case, it was not possible to satisfactorily describe the obtained data by any of the proposed dependencies (Figs. 4-6 , Table) . This can be explained by the complexity and multistage nature of the ongoing processes (Eqs. 2-6). Since the reaction of ferrous sulfate with ammonium carbonate can be divided into two stages: 1) the formation of Fe(OH) 2 -0-14 min of the process;
2) the formation of Fe 3 O 4 -14-16 min, it can be constructed the graphs corresponding to the reaction for obtaining these products (Figs. 7 and 8) . 
Conclusions
Magnetite, formed in a solution of ferrous sulphate during the hydrolysis of ammonium carbonate, has a homogeneous phase composition and a cubic crystal structure. The reaction of magnetite formation in the range of concentrations and temperatures under study passes in two stages -the formation of ferrous hydroxide and its oxidation to magnetite. Both reactions are described by a formal kinetic equation of the second order. The rate constant of the first stage is 2.5 times faster than the rate constant of the second reaction. The formation of magnetite occurs in the second stage. The obtained parameters of the process can be used to substantiate the technology of magnetite synthesis using an optimized phase composition. 
